The present study investigates the hypothesis that complex object odors (odors that emanate from flowers, foods, sewage, etc.) that consist of dozens of odorants are processed and encoded as discrete entities, as if each was a single chemical odor. To test this hypothesis, the capacity of trained subjects to discriminate and identify the components of stimuli consisting of one to eight object odors was determined. The results indicated that subjects could only identify up to four object odors in a mixture, which is similar to earlier findings with mixtures that contained only single chemical odors. The limited capacity was also reflected in the number of odors selected, regardless of whether the choices were correct or incorrect, in confidence ratings, and in decision times. The identification of a limited number of object odors in every mixture that was presented suggests that both associative (synthetic) and dissociative (analytic) processes are involved in the perceptual analysis of odor mixtures.
A major function of the olfactory system is to discriminate and identify behaviorally relevant odors from a complex background that often consists of tens or hundreds of less relevant odorous stimuli. Accordingly, in order to better understand olfactory perception and information processing, it is essential to investigate how the system processes complex olfactory stimuli. Recent research has indicated that humans can only discriminate and identify up to four odorants in multicomponent mixtures (Laing & Francis, 1989; Livermore & Laing, 1996) and that this limited capacity is independent of the type (quality) of odors (Livermore & Laing, 1998) and test method (Laing & Glemarec, 1992 ). For a system that must operate in an environment in which a large number of odorants are simultaneously present, this limit is surprising.
Although a major function of the olfactory system appears to be the analysis of odors in the environment, olfactory responses are often characterized by the association of large numbers of odorous components into a unitary percept. That is, object odors (i.e., the odors ofrealworld objects rather than of single chemicals) that are themselves complex mixtures consisting ofup to hundreds of single compounds are commonly recognized and identified, within a second or two, as being single undivided This research was supported in part by a CSIRO Australia Postgraduate Student Fellowship to A.L. We gratefully acknowledge Dragoco, Australia, for the provision of a number of the odorants and for their advice in selecting the odor sets used in the study. We would also like to thank Andrew Eddy for upgrading the software. Requests for reprints should be sent to A. Livermore, School of Social Sciences and Liberal Studies, Charles Sturt University-Mitchell, Bathurst, NSW, Australia, 2795 (e-mail: alivermore@csu.edu.au). entities, with their individual components generally not being identified. Examples of these odors include coffee, chocolate, smoke, and kerosene, each containing multiple components, none of which, in isolation, smells like the mixture.
At least two major questions are raised by the perception of complex object odors as unitary stimuli. First, is it necessary for the olfactory system to discriminate and identify the individual components of complex odors in order to identify the whole mixture? Secondly, if the answer to the first question is no, how are object odors recognized and identified as unitary percepts? The present study investigates these questions-in particular, whether complex object odors are encoded and processed within the olfactory system as unitary percepts, rather than as multi component stimuli.
The mechanism by which the olfactory system extracts meaningful information from its complex environment is not well understood. Studies utilizing intra-and extracellular recording techniques with the spiny lobster (see, e.g., Derby, Girardot, & Daniel, 1991a , 1991b Gleeson & Ache, 1985; Michel, McLintock, & Ache, 1991 ; see Ache, 1989, and Fine-Levy, 1989 , for reviews) and with insects (see, e.g., De Jong & Visser, 1988a , 1988b Getz & Smith, 1990; O'Connell & Akers, 1989) have indicated that the initial site of interaction between individual chemicals in a complex odor stimulus odors (i.e., mixture interactions) is within individual receptor cells in the peripheral olfactory region. This work suggests that this may occur through the interaction ofsecond messenger pathways or receptor mediated events. This interaction may subsequently lead to the loss of odor-specific information in the olfactory system; as a result, the pattern ofneural activity in response to a mixture may be qualitatively different from the response to its components or to the average ofthese responses (Derby et aI., 1991a (Derby et aI., , 1991b .
This proposal is supported by other studies, using the radioactive cell marker 2-deoxyglucose, that indicate that neural activity patterns at the surface ofthe olfactory bulb are no more complex for the multicomponent odors of rat cages (Stewart, Kauer, & Shepherd, 1979) or scent glands (Skeen, 1977) than they are for single compounds, such as limonene (Bell, Laing, & Panhuber, 1987) or amyl acetate (Skeen, 1977) . Complexity in the latter studies refers to the number of radioactive foci induced in the bulb by the odors. Support also comes from other findings that indicate that there is little relationship between the chemical complexity of an odor, as measured by the number of different chemical compounds that it contains, and its perceived complexity, defined as the number of "impressions" that subjects perceive the odor to contain (Jellinek & Koster, 1979 , 1983 .
However, recent modeling studies involving extracellular recordings from olfactory receptor neurons in the antennules of the spiny lobster have indicated that the components of binary mixtures may be processed independently (Daniel, Burgess, & Derby, 1996; Steullet & Derby, 1997) . These results indicate that, at least for mixtures of two single chemical components, the pattern of activity across the population of peripheral neurons is similar to that expected from a combination of the components. Thus, separate representations ofthe two components appear to exist, which suggests that discrimination between them may be possible at higher neural levels.
Our study investigates the hypothesis that the neural representation of a complex object odors can be stored and processed in olfactory memory as a unique and singular entity rather than as a cluster of relatively independent chemical odors. The experimental design was similar to that of other studies (Livermore & Laing, 1996 , 1998 , in which subjects were required to identify the components of stimuli containing between one and eight single component odors, except that, in the present study, the stimuli were all object odors consisting of tens or even hundreds of components rather than single chemicals. It was expected that, if the odors were encoded and processed as single discrete entities, from three to four object odors would be identified, the same number as that found for single chemical odors. However, ifthe object odors were encoded and processed as an assemblage oftens or hundreds ofcomponents, mixing might result in the vast number of single components interacting to create a modified pattern of neural activity. This new pattern might bear little resemblance to existing odorant representations in memory and might result in the identification of fewer or none of the none of the complex odors.
As in the previous studies of the capacity of humans for analyzing mixtures, the perceptual independence of the odorants in the present study, as measured by sam-piing independence or dimensional orthogonality (Ashby & Townsend, 1986) , was not rigorously evaluated. Such an evaluation cannot be conducted with odors at present, because of the lack of information about the physicochemical factors that determine the smell of a particular molecule. However, perceptual independence was optimized by the use offamiliar and meaningful odorants that were rated by subjects as being highly dissimilar.
METHOD

Subjects
The subjects were 26 students at Macquarie University. The 10 male and 16 female subjects were between 18 and 32 years of age. All of the subjects provided written informed consent prior to the commencement of the study.
Materials and Apparatus
The odorants and their concentrations and perceived intensity ratings are listed in Table I . With the exception of kerosene, the odorants were commercial preparations donated by Dragoco, Australia. They were all complex mixtures, consisting of tens, or possibly hundreds, of odorous components, and were designed so that they did not contain any major components that would dominate their character. They represented common and familiar environmental stimuli that were readily distinguishable from each other when presented in isolation.
Stimulus delivery was via an eight-channel computer (Apple lie) controlled air-dilution olfactometer, the same as that used by Livermore and Laing (1996) , which was capable of delivering a fixed concentration of a single odorant or mixtures containing up to eight odorants. The specific concentration ofeach odorant was produced by first passing a known flow of ultrahigh-purity nitrogen across its surface while it was contained in a glass vessel (Laing, Panhuber, & Baxter, 1978) . This stream of saturated odor vapor was diluted by a stream of medical air (100 ml/min :"). The stimuli were then directed, via one of eight solenoid valves, to a fan-driven exhaust or into a glass manifold, where it was diluted with another stream of medical air (2,500 ml/min " '). The odorized air then passed through a mixing chamber and to a sampling outlet (150 em long, 55 cm in diameter), for presentation to a subject. A large exhaust inlet was positioned above the outlet to prevent contamination of the subjects' environment. The subjects were instructed to "push the exhaust tube aside and to position their nose over the central section ofthe outlet, as close to it as possible without touching, and to sniff normally." During the interstimulus intervals and between subjects, the olfactometer was continually flushed with nonodorous air. Odorant concentrations were calculated from the flow rates ofthe diluting nitrogen and air streams, which have been shown, in previous studies in this laboratory with similar olfactometers, to be close to those obtained with a gas chromatograph. The concentra- tion of each odor was not altered when presented in mixtures; thus, an odor presented at 3% of saturated vapor on its own remained at 3% of saturated vapor in the mixture.
Procedure
The test procedure was the same as that used previously by Livermore and Laing (1996) . The computer was programmed to select and deliver stimuli, to instruct, monitor, and give feedback to subjects, and to record the data.
Subjects were seated before a computer monitor, a pressuresensitive Apple graphics tablet, and the odor outlet. Sampling instructions were displayed on the monitor. Situated on the left-hand side of the graphics tablet was a column of eight labels. Each label was 5.8 em long, 1.5 em wide, and had the common description of one of the eight odorants written on it (Table I) . Across the top of the tablet were labels designating different subject age groups-for example, 20-29, 30-39 years, and so forth-and two other labels indicating gender. On the lower right-hand side was a label, Selection Finished.
To initiate a trial, a subject touched an age and gender label with an electronic pen. This double action triggered the opening of one to eight solenoids and resulted in either a single odor or a mixture of odors being delivered to the sampling outlet. Five seconds after a solenoid had opened and the odor had been delivered, an instruction on the monitor screen indicated to subjects that they should commence sniffing at the outlet. Subjects indicated which odors were present by touching the appropriate label(s) with the pen. A trial ended when a subject touched the Selection Finished label or 50 sec after the instruction to commence sampling was given. After 50 sec, a tone sounded and a light flashed, and subjects were required to touch the Selection Finished label, regardless of whether they had completed their selection ofodors. Touching the Selection Finished label also closed all the solenoid valves and allowed the main air stream to flush out the odors from the previous trial. The subjects then waited 53 sec before commencing the next trial, which was automatically initiated by the computer.
Each time a subject touched a label, signifying his or her choice of odor, the word on the label appeared on the monitor-for example, kerosene. Once a trial had ended and the Selection Finished label had been touched, the correct answer(s) appeared on the monitor, so that subjects had immediate feedback. The data recorded were the age and gender of the subjects, the stimuli delivered on each tnal, the odors that were correctly identified (hits), the odors missed (misses), the odors selected but not present (false alarms), and the odors absent and not selected (correct rejections).
Label training was conducted over 5 days. On Day I, the subjects sampled each of the eight odorants at the outlet ofthe olfactometer. They were told the veridical label by the experimenter as soon as they had finished sampling the stimulus and were asked to rate its intensity on a line scale 130 mm in length. The left-hand end of the scale was marked no odor and the right extremely strong. They were then instructed to rate the goodness offit of the label to the odor and the familiarity and meaningfulness (the number of associations or labels that can be linked to a stimulus) of the odor on 7-point category scales. In addition, they were asked to think of a time, place, or event with which they associated the odor and to write down all of the life associations that they could recall for each of the odorants. At the end of each day, the intensities of the individual odors were adjusted up or down by the experimenter in accordance with the average of these ratings, so as to achieve approximately similar perceived intensity levels for each odorant. The final task on Day I was an identification test. Different random sequences of the odorants were presented, and each subject was required to identify each odor, using the veridical label supplied. At the completion of the test, the subjects were informed oftheir mistakes, and the odors that they had incorrectly identified were presented for sampling again.
On Days 2 5, the subjects were first required to familiarize themselves with each of the odors by sampling them from the 01-factometer. At this time, they were again asked to rate the intensity of each odor, to think of a time, place, or event with which they associated the odor, and to make a note ofany new associations. They were then given an odor identification test. The criterion set for entry into the main experiment with mixtures was the correct identification of at least six of the eight odors by Day 5. Two subjects had to be excluded because of nonattendance or illness. Of the remaining subjects who entered the mixture experiment, 4 identified seven odors, and the remaining 20 correctly identified all eight.
Two days after completion ofthe familiarization period, the subjects were tested once per day over 3 consecutive days. Three test sessions were chosen because Livermore and Laing (1996) had found, in a series of 10 sessions, that there was no improvement in performance above that reached after I test session. Before commencing daily sessions, the subjects sampled and identified the individual odors from the olfactometer. Corrective feedback was provided for any odors that were incorrectly identified. Sixteen test trials were then given, with each trial consisting of a single object odor or of a mixture containing up to eight object odors. The composition ofeach of the 16 stimuli presented in each session was randomly determined by the computer, with the restriction that, within each test session, two ofeach mixture type-that is, from one to eight object odors-was delivered. On each trial, after completion oftheir odor selections, the subjects were required to rate the confidence with which they had selected each odor from the mixture on a 7-point category scale.
Prior to sampling, the subjects were told that they would "be receiving an odor which could be either one of the single odors that they had learned (kerosene, chocolate, rose, etc.) or a mixture of2, 3,4,5,6,7, or 8 ofthe odors. Your task is to identify as many odors as you can recognize and to mark your choices on the computer." At the end ofeach trial, they received corrective feedback via the computer, indicating the odors selected and the actual odors presented on that trial.
The variables recorded for analysis were the odorants presented in a mixture, the odorants that were selected by subjects, the order in which the odors were selected, the time taken by the subjects to make their first selection and to press the selection finished label; confidence, meaningfulness, familiarity, and goodness of fit ratings; and session number.
Statistical Analysis
Except where indicated, analyses ofvariance (ANOVAs) were of a mixed model format containing both independent groups (session [3], hits [2], order of selection [6] , and confidence rating [6]) and repeated measures (number of odors presented or mixture type [8] and odor type [8]) factors. Odor type refers to the eight types ofobject odors; mixture type refers to the number of object odors in a mixture. The results were investigated by means ofthe SPSS-X program package. With the exception of the t tests, where p < .0 I was used in order to avoid overinflation ofthe overall significance level (Bonferroni adjustment, e.g., Stevens, 1986) , a significance level of p < .05 was set for all analyses. A Greenhouse-Geisser correction ofthe degrees of freedom was carried out for all ofthe main effects and interactions that involved repeated measures factors. The p values reported, but not the degrees offreedom, were corrected. Where measurements of variability in the data are quoted, they refer to values ofomegas. Because ofthe large number oftests that would have resulted and, therefore, the inflated probability of Type I errors, multiple comparisons of the means were not performed for all significant effects.
RESULTS
Inorder to analyze the relative performance ofthe subjects, a variable described here as correct was chosen, which was defined as the sum of the number of hits and correct rejections on anyone trial (see Figure 1 ). To determine whether training may improve the ability ofsubjects to discriminate mixture components and to establish whether it was necessary to include session as a factor in subsequent analyses, the performance of the subjects across test sessions was analyzed (Figure 1 ; mixed model ANOVA, correct score by subject and session and correct by subject and mixture type). Although there was no change in performance across sessions, there was a highly significant decrease in accuracy as the number of odors in the mixture increased [ Figure 1 ;F(7,161) = 93.66, p < .001].
The results of applying a stricter criterion of performance-namely, the percentage of absolutely correct identifications for each type of mixture-are shown in Figure 2 . As in Figure 1 , these results indicate that a significant and extremely sharp decrease in correct responses occurred as the number of odors in a mixture increased [repeated measures ANOVA, percent absolutely correct responses X mixture type [F(7,161) = 46.16,p < .001, (jJ2 = 66.7%], with the percentage of absolutely correct responses decreasing from approximately 50% with single odors to 15%, 5%, and 3% with binary, trinary, and quaternary mixtures, respectively.
The hit rate for single odor stimuli was extremely high, with the subjects correctly identifying the presented odor on 97% of the trials (Figures 3 and 4) , which indicates that the training program was successful in establishing strong links between the odors and their names. However, the mean number ofhits per trial did not exceed 3.5, even for mixtures containing eight odorants. Figure 3 also shows that the mean number offalse alarms per trial was very low, being less than or equal to one per trial, for all mixture types. Accordingly, the data for hits and false alarms indicated that the low level of identifications was due to the limited capacity ofthe olfactory system to discriminate and identify mixture components rather than to the inability of subjects to name odors or to a tendency for them to guess.
An important point, illustrated in Figure 4 , is that the most frequent number of correct identifications did not exceed four for any type ofmixture. For example, in mixtures that contained five to eight components, there was only a marginal increase in the number of components identified, with four odors being correctly identified on 21 %, 29%, 28%, and 35% of the trials, respectively, whereas five odors were correctly identified on 5%, 7%, 10%, and 13% of the trials. Although the increasing frequency with which five odors were identified may suggest that a ceiling was imposed on the number of correct identifications by restricting the maximum number of components in the mixture to eight, the extremely low frequency with which six, seven, and eight components were identified suggests that the limit of identification had been reached.
In order to test whether the results were independent ofthe type ofodors used for testing, the data were analyzed to determine whether some odors were more readily identified than others. As with the correct score generated for each type of mixture, a correct score was gener- ated that represented the ability ofthe subjects to correctly identify and to reject odors. Although some variation between odors occurred, the accuracy with which each odor was identified decreased as the number of components in the mixture increased [ Figure 5 ; repeated measures ANOVA, correct score X mixture type and odor type,F(7,161) = 92.59,p<.001,ro 2 = 79.1%]. Furthermore, in addition to a significant difference between odors [F(7,161) = 11.62,p < .001, ro 2 = 30.6%], there was a significant interaction between mixture type and odor [F(7,1127) Number of hits for each number of odors present Figure 4 . Percentage of correct judgments (hits) of mixture components. Zero hits signifies that the indicated judgments were entirely incorrect. See the text for explanation. more accurately identified than were the others, particularly in the more complex five-to eight-component mixtures, and that, relative to the other odors, strawberry was poorly identified.
The relationship between the number of odors present in a mixture and the number ofodors selected by the subjects, regardless of whether their choices were correct or incorrect, is illustrated in Figure 6 . The latter measure was included, as it provides an indication of the perceptual complexity of a mixture. The figure indicates that, as the number of components in a mixture increased, there was a steady increase in the number of odors selected, up to the point where four were selected in five-component mixtures. However, the most frequent number of odors selected did not rise above four in six-to eight-component stimuli. Subjects were relatively accurate with their responses to single odors and binary mixtures, in that the most frequent number of odors selected were one and two, respectively. In contrast, they were less accurate with three-, four-, and five-component mixtures, in which two, Figure 6 . Complexity of stimuli, as measured by the number of odor selections made, regardless oftheir correctness, when each type ofmixture was presented. Numhers of responses are expressed as percentages. For example, when only one odor was presented, 51% ofthe responses indicated that one odor was present, 23% that two were present, and 15% that three were present, and so forth. three, and four were the most common number of odors selected. These findings support the results reported in previous studies by Laing and Francis (1989; Laing & Glemarec, 1992; Livermore & Laing, 1996) in that they indicate that the number ofcomponents that subjects feel they can sense and identify in olfactory mixtures reaches a plateau at four odors, regardless ofthe number of odors in the mixture. A repeated measures ANOVA (number ofodors selected X mixture type) verified that there was a highly significant difference between mixture types in terms ofthe number ofodors selected [F(7,140) = 46.31, P < .001, Q)2 = 69.8%]. Figure 7 reveals the relationship between the order in which odors were selected and the confidence ratings ofthe subjects and indicates that there was a steady decline in the confidence with which the subjects made their selections, up to their fourth choice. To aid interpretation, the scale is reversed in Figure 7 , so that 1 signifies extremely unconfident, and 7 extremely confident. Also, as the selection of more than six odors was very rare, for purposes of analysis the scale was reduced from eight to six categories, the categories comprise 1, 2, 3, 4, 5, and 6+ ratings. These observations were supported by a repeated measures ANOVA (confidence rating X accuracy and order of selection), which revealed a significant association between confidence rating and order of selection [F(5,3526) = 200.38, P < .001, Q)2 = 19.8%] and also that subjects were significantly more confident about odors that were correctly identified (mean rating = 3.69) than about those that were not [mean rating = 4.43; F(l,3562) = 303.21,p < .001, Q)2 = 6.0%]. Table 2 lists the intercorrelations between the accuracy ofidentification and rejection for each odor, as measured by correct score, by odor meaningfulness and familiarity,and by the goodness offit ofan odor to its given name. There was no significant association between the accuracy with which odors were identified and any of the other variables, which indicates that the identification of mixture components was not affected by the prior experience of the subjects with the odors or by the inadequacy of the names of the odors. However, there were highly significant correlations between the three cognitive variables-meaningfulness, familiarity, and goodness of fit. Once again, the range ofratings was relatively narrow. On scales where 0 indicated extremely meaningful orfami/iar, and 7 indicated extremely meaningless or unfamiliar, meaningfulness ranged between 2.50 and 4.25, familiarity between 2.09 and 3.13, and goodness of fit between 2.00 and 3.43. Figure 8 shows that the time taken to select the first odor in one-to three-component mixtures was shorter than for the five-to eight-component stimuli. Similarly, the total decision time increased from the one-to the 
DISCUSSION
The most important finding of the present study was that complex object odors are encoded and processed as discrete entities within the olfactory system, as if they were odors from single chemicals. Clearly, object odors are not stored and interpreted as conglomerates of independently classified single chemical components. If object odors were encoded in this manner, the mixing of a number of them would most likely have resulted in the loss of the code for individual object odors, and the ability to discriminate and identify each object odor would have decreased considerably. As the results show, this was not the case; object odors were discriminated and identified as if they were from single chemicals. Thus, the results support a Gestalt encoding hypothesis.
The results indicated that four and five object odors were identified, without error, on only 3% and 2% of the trials, respectively. The most frequent number of odors that were correctly identified and the most frequent number ofodors selected did not exceed four in five-to eightcomponent mixtures. In addition, the confidence ratings during decision making suggest that discriminating among components in one-to four-component stimuli is a task that is qualitatively different from that for stimuli containing five to eight components and that there was a steady decrease in the confidence with which odors were selected as the number of components selected increased from one to four. However,this decrease leveled offwhen more than four odors were presented, which suggests that it had reached a minimal acceptable level for selections. Similarly, total decision time increased as the number of components in the mixture increased from one to five, but did not increase further for five-to eightcomponent mixtures. Finally, the subjects took significantly less time to make their first odor selection with one-to three-component stimuli than they did with fiveto eight-component mixtures, responses to four-component stimuli being intermediate between the two groups. Furthermore, the similarity with which identification decreased for each odor as the number of components in the mixture increased suggests that the results were largely independent of the type of odors used. With every measure conducted, the results ofthe present study confirmed those of four previous studies (Laing & Francis, 1989; Laing & Glemarec, 1992; Livermore & Laing, 1996 , 1998 , which showed that humans can only discriminate and identify four components in odor mixtures.
It is significant that mixtures containing four odorsthe same number of odors found to be the limit for mixture component discrimination-serve as pivotal points for all ofthe above effects. The subjects identified odors relatively quickly and confidently with moderate accuracy when one to four odors were present. However, when five or more components were in the mixture, only a small percentage of the subjects were successful in identifying more than four components, the confidence that subjects placed in their decisions remained at a constant minimal level, the time taken to complete odor selections leveled out, and the time taken to discriminate and identify the first odor increased. All of these effects suggest that the discrimination task became substantially more difficult when four or more odors were presented simultaneously. A probable reason for this is the occurrence of blending, or synthesis, between a number of the stimuli. This suggestion is compatible with Berglund's (1974) proposal that additive processes dominate odor perception in one to three component mixtures and interactive processes dominate when four or more odors are present. However, because ofthe consistent ability ofthe subjects to discriminate three to four odors in four-to eight-component stimuli, the present results imply that additive and interactive processes may coexist in mixtures offour or more odors.
Thus, the data indicate that the perceptual capacity for odorant discrimination in mixtures is 4 ± 1, which may correspond to Miller's (1956) "magic number" of? ± 2, which was found to be the capacity for immediate memory in other senses. Using a similar logic, it may be that training with chemically complex object odors and their veridical names results in the chunking of their odor components into a single entity. This would result in their representation in memory as a single unit that can be stored and retrieved as a whole, allowing subjects to make optimal use of a limited capacity, in the same way as the one that Miller found for strings ofnumbers. It may also reflect the importance of organization in making optimal use of memory.
The very high hit rate of97% with single (object odor) component stimuli indicates that the training and encoding regimes undertaken prior to testing were successful in establishing strong associations between odors and their names, so that the poor ability to discriminate mixture components was not due to an inability to name the odors. In addition, the low false alarm rate, which, on average, was less than one per trial, indicated that the subjects could clearly perceive the odors they selected and did not guess when responding. Although the subjects were relatively accurate in their identification ofthe odors that they selected, they were unable to use the process of elimination to accurately select all of the odors present.
In the present study, there was no association between the accuracy with which odors were discriminated and their meaningfulness, familiarity, or goodness of fit to their given names. However, this does not necessarily imply that these variables do not influence odor memory. The results may be explained in at least two ways. First, as the odors were initially chosen to be common and familiar, the range of ratings may have been too small to obtain a significant difference between them. Second, the subjects received extensive training with each ofthe single object odors; hence, differences in familiarity, meaningfulness, and goodness offit may have been eliminated by the time testing occurred.
The process whereby a mixture of single odorants (individual chemicals) blend to produce a unique smell (e.g., an object odor such as coffee) is known as synthetic or associative processing and is not well understood. This is contrasted with analytic or dissociative processing, which occurs when the individual components ofa mixture stand out and can be separately identified (see, e.g., Berglund, 1974; Erickson, 1982; Westbrook & Charnock, 1985) . The ability to discriminate three to four components in mixtures, be they single chemicals or complex object odors, indicates dissociative processing. In contrast, the reaction to complex object odors as unique stimuli rather than as a jumble of components supports the notion of associative (or synthetic) processing.
Although the precise nature of the perceptual changes that occur with learning are beyond the scope of the present study, it is worthwhile examining how they may occur. Studies ofodor and taste have indicated that an animal will perceive a mixture associatively, unless it has previously been made aware of the single components. However, if the animal is made aware of the existence of the individual components in isolation or in combination with a different odor or taste, it will perceive the mixture analytically (Staubli, Fraser, Faraday, & Lynch, 1987; Stevenson, Prescott, & Boakes, 1995; Westbrook & Charnock, 1985) . Similar results have been found for the visual system (Lamb & Robertson, 1989; Pomerantz, 1983; Tremain & Kiernan, 1995) , although face recognition may be a special case (Tanaka & Farah, 1993) .
Recently, it was found that spiny lobsters could be trained to perceive the same odor mixtures either associatively or dissociatively, depending on the order in which the mixtures were presented to them (Livermore, Hutson, Ngo, Hadjisimos, & Derby, 1997) . As learning cannot take place in the nose in such a short period of time, these findings couldn't have resulted from chemical interactions at this level. Therefore, the perceptual effects must have been produced by the way in which the odors were analyzed in the brain.
It has been proposed that the process that underlies the dissociative and associative perception ofmixtures is the formation ofspecific memories. When a person or an animal learns about a stimulus, a smell, a taste, a sight, or a sound, the stimulus is stored as a representation in memory (McLaren, Kaye, & Mackintosh, 1989; Rescorla, Grau, & Durlach, 1985; Tanaka & Farah, 1993; Westbrook & Charnock, 1985) . Similarly, when they learn about a mixture, that mixture is stored as a representation in memory. Once associative learning has taken place, a complex mixture may be perceived and processed in the same way as its single components-that is, as a single unique representation or, alternatively, as separate but strongly linked representations for each component. Experiments are currently underway to investigate this proposal with olfactory mixtures. Rabin and Cain (1984) suggested that familiarity facilitates olfactory discrimination by enhancing the perceptual boundaries or unique characteristics possessed by an odor. High levels of familiarity with object odors in the everyday environment and the frequent simultaneous presentation of their components may result in associative processing dominating their perception. As a result, the components of the mixture are synthesized into a new and unique perceptual and, possibly, neural representation. Alternatively, a lack of familiarity may lead to the perceptual boundaries ofan object odor being poorly defined, so that its components are not associated, and, hence, it may not be discriminated as a single entity. Thus, the way in which animals and humans learn about a complex sensory event may influence the way in which the components of that event are perceived-that is, as separate odors or as a single unique stimulus. Familiarity and exposure to components in isolation may be the basis on which odor mixtures are perceived either as Gestalts or as an assortment ofcomponents. Experiments currently underway are directed at testing this possibility.
The question then arises as to whether there is a physiological basis for the association of some odors and the dissociation of others, as appears to have occurred in previous studies of the limited olfactory capacity ofhumans. Evidence-in particular, that of Walter Freeman and his coworkers-indicates that, with repeated reinforced exposure, odor-specific bursts of neural activity are produced from the surface of the olfactory bulb (see, e.g., Carmi & Leon, 1991; Chaput & Holley, 1985; Coop-ersmith & Leon, 1984; Freeman & Grajski, 1987; Grajski & Freeman, 1986 , 1989 Sullivan, Wilson, & Leon, 1989 ). Furthermore, learning has been shown to produce odorrelated synaptic changes in both the bulb (Gervais, Holley, & Keverne, 1988; Grajski & Freeman, 1989; Gray, Freeman, & Skinner, 1986; Nicoll & Jahr, 1982; Sullivan et aI., 1989; Wilson & Sullivan, 1991) and olfactory cortex (Haberly & Bower, 1989; Kauer, 1987; Schild, 1988) . It is possible, therefore, that, through learning and association, these changes are the basis on which object odors come to be recognized as single entities. That is, frequent reinforced exposure may lead to the emergence of a stable pattern ofneural activation that is characteristic ofthe complex mixture rather than of its individual components.
In conclusion, the finding that humans can discriminate and identify four object odors in mixtures containing up to eight object odors indicates that the olfactory system processes and encodes complex object odors as discrete entities, in a manner that is similar to that for single chemical odors. Although the mechanisms by which mixtures are processed neurally remain to be resolved, it appears that the encoding of single and complex (object) odors involves both associative and dissociative processes that have evolved to provide a rapid process for discriminating and identifying environmentally or behaviorally relevant odors.
